It is now generally recognized that the Dirac equation is a viable alternative to the usual Schrödinger equation approach for analyzing nucleon-nucleus scattering data. This paper reviews the development of Dirac phenomenology, stressing how closely this development has been tied to experiment. In addition we discuss a new method for extracting neutron densities from intermediate energy elastic proton-nucleus scattering observables uses a global Dirac phenomenological (DP) approach based on the Relativistic Impulse Approximation (RIA). Data sets for 40 Ca, 48 Ca and 208 Pb in the energy range from 500 MeV to 1040 MeV are used. The global fits reproducing the data well and this allows one to obtain the proton and neutron densities, their root-mean-square radii, R p and R n , and the neutron skin thickness, S n = R n -R p .
INTRODUCTION
Twenty-five years ago using the Dirac equation as the relevant one-body wave equation for describing nucleonnucleus scattering was viewed with considerable skepticism. Things have changed because of the availability of experimental data and the failure of the usual Schrödinger approach to reproduce these data. The relativistic approach is now considered a viable alternate to the standard nonrelativistic treatment. The first use of the Dirac equation in analyzing proton elastic elastic scattering in the early 1970's was plagued by the lack of spin observables [1] .
This situation changed completely when p- 4 He elastic cross section (σ ) and analyzing power (A y ) experiments were performed at the ZGS shortly before its demise [2, 3] . The availability of both σ and A y put a critical constraint on the Dirac approach.
It was clear that there were two ways to proceed using the Dirac equation. One, which more nearly resembled the nonrelativistic approach, involved introducing a tensor optical potential that, in the second order Dirac equation, produces a spin-orbit term. The tensor in combination with either a Lorentz scalar or a Lorentz vector potential would then form the basis of the model. The second approach, which was motivated by meson exchange models of the nucleon-nucleon force, was to use large canceling Lorentz scalar and vector potentials to obtain the required spin orbit enhancement. This is the approach I took and I was very glad that I did [4] .
In the 1980's there was a lot of excitement about the relativistic treatments of nuclear reactions. I was very happy to be part of this excitement. Our group worked hard using the Dirac equation to fit the beautiful data that was coming from Los Alamos at LAMPF with the FIGURE 1. The ranges, shown as bars, of the skin thickness for 40 Ca, 48 Ca and 208 Pb from the global fits using the SOG charge distribution, set FA00 Arndt NN amplitudes, proton form factor G 1 (q), and the three EFT models, MA4, FZ4 and VA3 are shown by the filled boxes, for the four momentum transfer ranges and the filled diamonds for the five momentum transfer ranges. Several theoretical S n values from [14, 16, 17, 29, 35, 36, 37, 38, 39] are also shown by using various symbols.
high-resolution spectrometer (HRS). Since I was used to the Dirac equation for the analysis of electron-nucleus scattering it seemed good to use it for proton-nucleus scattering. In 1983 the relativistic impulse approximation (RIA) started [5, 6, 7] .
We found that the RIA could give good results for p + A elastic and inelastic scattering in the energy range from 400 MeV to 1040 MeV. The Dirac coupled channels calculations based are based as on usual relativistic impulse approximation where a complete set of elastic observables as well as inelastic observables to low lying collective states exists [8, 9, 10, 11] . 48 Ca and 208 Pb from the global fitting procedure shows the AV E EFT models values for the SOG charge distribution, set FA00 Arndt NN amplitudes, the five momentum transfer ranges. We compare G 1 (q) from [32] shown as filled boxes and G 2 (q) from [33] shown as filled diamonds. The same theoretical values for S n shown in Fig. 1 are also shown.
One of our goals that we still do is program to obtain high-quality global relativistic optical model potentials for use by the nuclear community. The potentials are needed to calculate final state interactions for the analysis of a wide variety of nuclear reactions, such as (γ, p), (e, e p), (p, p ), and (p, 2p). The potentials have been made available to the community through distribution of the program GLOBAL, which provides the scalar and vector Dirac potentials, as well as the Schrödinger equivalent central and spin-orbit potentials obtained from them, in a form suitable for incorporation in existing codes. Currently we have included He 4 in GLOBAL and it will be available for the nuclear community [12, 13] .
Recently have been working on new method for extracting neutron densities from intermediate energy elastic proton-nucleus scattering observables uses a global Dirac phenomenological (DP) approach based on the Relativistic Impulse Approximation (RIA). Data sets for 40 Ca, 48 Ca and 208 Pb in the energy range from 500 MeV to 1040 MeV are considered. The global fits are successful in reproducing the data and in predicting data sets not included in the analysis. Using this global approach, energy independent neutron densities are obtained. The vector point proton density distribution, ρ p v , is determined from the empirical charge density after unfolding the proton form factor. The other densities, ρ n v , ρ p s , ρ n s , are parameterized. This work provided the energy independent values for the RMS neutron radius, R n and the neutron skin thickness, S n , in contrast to the energy dependent values obtained by previous studies. The next section will consider this work. shown are the AV E EFT models for SOG charge distribution, the five momentum transfer ranges, and proton form factor G 1 (q). Set FA00 is shown as filled boxes and set SM86 is shown as filled diamonds. The same theoretical values for S n shown in Fig. 1 are filled diamonds. The same theoretical values for S n shown in Fig. 1 are also shown.
PROTON AND NEUTRON DENSITIES
Determination of the proton and neutron densities, their root-mean-square radii, R p and R n , and the neutron skin thickness, S n = R n -R p , are critical to understanding many of the bulk properties of matter [14, 15, 16, 17] . Horowitz et al. have pointed out that there are substantial disagreement between theoretical values of S n [18] . Reliable neutron densities are needed for atomic parity violation experiments [18, 19, 20, 21, 22] , the analysis of antiprotonic atoms [23] , in understanding the surface crust of neutron stars [24] , and in extrapolation to protonrich or neutron-rich nuclei that is important in nuclear astrophysics [25] .
The analysis of elastic electron scattering, which has resulted in reliable ground-state charge densities, has been the reason that we have done the analysis of medium-energy proton-nucleus elastic scattering data, which has obtained reliable, energy independent neutron densities and the values of R n and S n . The analysis of proton-nucleus elastic scattering data done by Ray and Hoffmann used both the RIA and the non-relativistic KMT approach in their fits to get the observables from 300 MeV to 1040 MeV [26] caused us to look at then effort again. Our method meshes the global approach with the RIA and proves to be successful in obtaining energy independent neutron densities. The starting point is the RIA in its simplest form, which for spin-zero nuclei includes only scalar, vector and tensor terms. The tensor term is very small and is excluded, as was done in the RIA analysis done by Ray and Hoffmann [26] .
We have obtained values of S n for 40 Ca, 48 Ca, and Pb when different data sets included in the fits, one has four energies and the other has two energies. The results of the global procedure uses the AV E EFT models and the SOG charge distribution, the five momentum transfer ranges, the proton form factor G 1 (q), set FA00 Arndt NN amplitudes. The results for four-energy sets are shown by filled boxes and the results for two-energy data sets by filled diamonds. The data set for 48 Ca has only three energies so only two data sets are used in the fits. The same theoretical values for S n shown in Fig. 1 are also shown.
208 Pb, which agree with nonrelativistic Skyrme models [14, 27, 28] and relativistic Hartree-Bogoliubov model extended to include density dependent meson-nucleon couplings [17] . Our results are generally not in agreement with relativistic mean-field model [29] . The RIA nuclear reaction formalism is used as the basis of global fits to medium-energy proton nucleus elastic scattering data is shown in [30] . The input to the RIA consists of the Arndt NN amplitudes [31] and the point proton density, which is fixed from the charge distribution obtained from electron nucleus scattering. The neutron vector density, and the scalar proton and neutron densities are parameterized, resulting in good fits of p + A elastic scattering data between 500 MeV and 1040 MeV. Using the RIA as the basis for the global fits is a new approach and our results shows that it is a valid method for extracting neutron densities, R n and S n . This paper [30] on this subject describes the global method to obtain the neutron density, the results and the sensitivity of the extracted neutron density, R n and S n to the input used in the fitting procedure. We have also given a number of tests of the input to the model are given in paper. To investigate the effect of the G(q) used in obtaining the point proton density we use two different forms they are identified as G 1 (q) from [32] and G 2 (q) from [33] . The set chosen for the Arndt NN amplitudes is input to the fitting procedure, and we use sets FA00 and SM86 to find the sensitivity of the fits to this input [31] .
We believe that the results of the global fits using the Arndt NN amplitude set FA00 and the form factor G 1 (q) FIGURE 5. The vector point proton density distribution shown by the solid curve. The three neutron density distribution densities using the EFT densities, MA4, FZ4 and VA3 are shown by the dashed line for case MA4, the dots for case FZ4, and the dot-dashed for case VA3. All densities are obtained from the global fit as discussed in the manuscript.
gave the most stable results. This is especially true for using the SOG charge distribution. In this case the values of R n and S n using the five momentum transfer ranges are: for 40 The values for R n and S n using the four momentum transfer ranges are: for 40 Ca, 3.314 > R n > 3.310 fm and −0.063 > S n > −0.067 fm; for 48 Ca, 3.459 > R n > 3.413 fm and 0.102 > S n > 0.056 fm; and for 208 Pb, 5.550 > R n > 5.522 fm and 0.111 > S n > 0.083 fm.
In order to check the sensitivity due to the data sets included in the fit we have done fits using only two data sets (497.5 MeV and 797.5 MeV) for 40 Ca and 208 Pb. The results agree very well with the same case using four data sets as is shown in Fig. 4 . The values of S n for the two data set case are for 40 We have magnified the figures of the observables so it is clear to find the heights of the diffractive maxima and the angular positions of the minima and maxima are very well reproduced at each energy with no systematic energy dependent discrepancies. These are the most critical features of the data that determine rms radii. In fact, precision fits to A y and Q are not as important for determining neutron radii but our fits are quite reasonable.
SUMMARY AND CONCLUSIONS
The global fit based on the RIA is a new tool for obtaining the neutron density. The values of R n and S n obtained are robust. This quality is verified in several ways as discussed in Section III. For example, we checked the sensitivity due to the data sets included in the fit by doing global fits using only two data sets (497. Fig. 4 , motivates us to use the global procedure for all nuclei that have at least two data sets in the medium energy range.
This work provides energy independent values for R n and S n , in contrast to the energy dependent values obtained by previous studies. In addition, the results presented in paper show that the expected rms neutron radius and skin thickness for 40 Ca is accurately reproduced. The values of R n and S n obtained from the global fits that we consider to be the most reliable are given as follows: We are planning to extend our work to additional nuclei and will continue to investigate different models and procedures. The goal is to continue to improve quality of neutron densities that result from our global fits. 
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